Introduction
============

Tacrolimus, a macrolide antibiotic, has been used as an effective immunosuppressive agent for the prevention of graft rejection after organ or bone marrow transplantations.[@b1-dddt-11-2861] Similar to cyclosporine, tacrolimus is one of the NTI drugs, which have a restricted range of effective dose window that does not produce adverse toxic effects.[@b2-dddt-11-2861] NTI drugs require close monitoring of the patients, particularly when the IIV in their systemic exposure is large, of which tacrolimus is an example[@b3-dddt-11-2861] partly due to its pharmacogenetic polymorphism.[@b4-dddt-11-2861]

Developing a new formulation can be a viable strategy to reduce large IIV, particularly for orally administered drugs, such that more consistent dissolution from the dosage form and thereby absorption is ensured.[@b5-dddt-11-2861] For example, poorly water-soluble drugs such as proquazone get dissolved faster in the gastrointestinal tract when administered as granulate or tablet than as capsule.[@b6-dddt-11-2861] In addition, patients may have more hard time swallowing a capsule than a tablet because the floating property of the capsule makes it lighter than water, causing the uneasy globus sensation. In contrast, tablets are typically heavier than water, which could minimize the uneasy feeling in the oral cavity when swallowing.[@b7-dddt-11-2861] Thus, the tablet formulation may help alleviate patient discomfort, leading to increased compliance, better quality of life, and possibly better efficacy.

The currently available oral formulation of tacrolimus is capsule (Advagraf^®^, Astellas Pharma International B.V., Meppel, the Netherlands; Prograf^®^, Astellas Pharma Europe, Chertsey, UK) and extended-release tablet (Envarsus^®^ XR, Veloxis Pharmaceuticals, Inc., Edison, NJ, USA). Other formulations such as sublingual tablet are under development to be best suited for various clinical settings.[@b8-dddt-11-2861]--[@b10-dddt-11-2861] Chong Kun Dang Pharmaceutical Corp., Seoul, Republic of Korea, developed a novel immediate-release tablet formulation of tacrolimus, whose PK and tolerability profiles had to be comparable to those of the conventional capsule formulation for regulatory approval. Furthermore, it was interesting to know if new tablet formulation could reduce the IIV in the systemic exposure to tacrolimus compared with the conventional capsule formulation. This property, once confirmed, can contribute to more consistent and predictable clinical performance in patients with transplantation.

Based on this understanding, the objectives of the present study were 1) to evaluate the PK and tolerability profiles of tacrolimus for the new tablet formulation and its IIV in the systemic exposure and 2) to compare them with those of the conventional capsule formulation. To this end, we performed a randomized crossover study in healthy male subjects after a single oral administration of tacrolimus as tablet and capsule in two periods after a wash-out.

Materials and methods
=====================

Subjects and study design
-------------------------

A randomized, open-label, single-dose, two-treatment, two-period, two-sequence crossover study was conducted in healthy male subjects 19 and 45 (both inclusive) years of age, who were healthy, supported by normal clinical laboratory test results and physical examinations performed at the time of screening within 21 days of the study drug administration. Subjects who had previously participated in another clinical study within 3 months at the time of screening or had a history of allergic reactions to tacrolimus in the past were excluded.

A total of 50 eligible subjects were randomly assigned to receive one tablet of 2 mg Tacrobell^®^ (Chong Kun Dang Pharmaceutical Corp.) or two capsules of 1 mg Prograf in period 1 and vice versa in period 2 after 21 days of wash-out. All subjects were hospitalized on the day before study drug administration, and they were fasted for at least 10 hours prior to dosing. During the entire study period, all subjects were restricted from taking any concomitant medication or beverage containing xanthine or alcohol. For the determination of whole-blood tacrolimus concentrations, 5 mL of blood samples was serially collected at 0 (ie, pre-dose), 0.25, 0.5, 0.75, 1, 1.25, 1.5, 1.75, 2, 3, 4, 6, 8, 12, 24, 48, 72, and 96 hours after dosing. Tolerability was assessed based on vital signs, physical examinations, and AEs throughout the entire study.

The study protocol (protocol no: 111HPS14027) was reviewed and approved by the IRB of Seoul National University Hospital (IRB no: 1412-016-631, [ClinicalTrials.gov](http://ClinicalTrials.gov) registry no: NCT02336854). All study procedures were performed after subjects gave written informed consent, and the study was conducted in full accordance with the principles stipulated in the Declaration of Helsinki as amended in 2013 (Fortaleza, Brazil)[@b11-dddt-11-2861] and the International Conference on Harmonisation Good Clinical Practice Guideline.[@b12-dddt-11-2861]

Determination of tacrolimus concentrations in whole blood
---------------------------------------------------------

Whole-blood tacrolimus concentrations were determined using a validated method as previously published.[@b4-dddt-11-2861] Briefly, the LC-20AD series of HPLC system from Shimadzu (Kyoto, Japan) was equipped with an YMC C18 (RS) column (5 μm, 2.0×150 mm; YMC America, Inc., Allentown, PA, USA). This HPLC system was coupled with an Applied Biosystems API 5000 triple quadrupole tandem mass spectrometer (Applied Biosystems, Foster City, CA, USA). Quantification was conducted in the positive ion MRM mode. Tacrolimus was monitored with an MRM transition of *m*/*z* =821.6 → 768.7, and ascomycin (IS) was monitored with an MRM transition of *m*/*z* =809.6 → 756.7. Tacrolimus 5.1 mg and ascomycin 2.11 mg were dissolved in 10 mL of methanol for preparation of standard stock solution and IS solution, respectively. An aliquot of 100 μL human whole blood was added with 20 μL of IS solution (ascomycin, 100 ng/mL) followed by addition of 750 μL of methyl-*tert*-butyl ether. The mixture was mixed for 10 minutes in a shaker at 130 rpm and centrifuged at 11,400 *g* for 5 minutes and was kept in the freezer for 20 minutes prior to evaporation of the organic solvent supernatant at 40°C in the pressured gas blowing concentrator. The remnant was then dissolved in 300 μL of 50% acetonitrile (v/v, with 0.1% formic acid) and vortex-mixed for 20 seconds. The mixture was centrifuged at 11,400 *g* for 5 minutes. Then, 3 μL aliquot of the supernatant was introduced into the HPLC--tandem mass spectrometry system. The mobile phase was a mixture of 10 mM ammonium acetate and methanol (5:95, v/v, with 0.1% formic acid) at a flow rate of 0.35 mL/min.

The calibration curve for tacrolimus was linear over the concentration of 0.1--100.0 ng/mL. The intra- and inter-day accuracy was 94.2%--97.8% and 91.5%--96.2% of nominal value, respectively. Additionally, the intra- and inter-day assay precision was 2.5%--6.8% and 1.6%--5.7%, respectively.

Sample size estimation, PK and statistical analyses
---------------------------------------------------

A previous bioequivalence study performed in Korean healthy subjects with tacrolimus showed that the intraindividual CV for the major PK parameters such as the AUC and C~max~ of tacrolimus was 35% (data on file). Assuming for the same intraindividual CV% as stated above, 44 subjects were considered sufficient to rule out a two one-sided 90% CI of the GMR for AUC and C~max~ between the test (ie, tablet) and reference (ie, capsule) formulations being outside the range of 0.80--1.25 with a ≥80% power at a significance level of 0.05. Given a drop-out rate of 10%, the present study planned to enroll a total of 50 subjects.

The following PK parameters were derived and compared between the test and reference formulations: C~max~, T~max~, AUC~last~, and t~1/2~. The observed concentrations and times were used to decide the C~max~ and T~max~ of tacrolimus. AUC~last~ was calculated using the linear trapezoidal method. The t~1/2~ was calculated as the natural logarithm of 2 divided by the elimination rate constant, which was calculated as the slope of the terminal data from the semilogarithmic plot by linear regression. All the PK parameters were estimated using the Phoenix^®^ WinNonlin^®^ (version 6.3; Certara USA Inc., Princeton, NJ, USA). Furthermore, SAS software (version 9.4; SAS Institute Inc., Cary, NC, USA) was used for statistical analysis. The PK parameters of log-transformed C~max~ and AUC~last~ were compared using a mixed-effect model for a crossover design, where sequence, treatment, and period were fixed effects and subjects nested within sequence were random effect. The 90% CIs of the GMRs for C~max~ and AUC~last~ between the tablet and capsule formulations were estimated for statistical comparison between the two formulations.

In vitro dissolution characteristics of tablet and capsule formulations
-----------------------------------------------------------------------

The dissolution profile of a tablet containing 2 mg tacrolimus was compared with that of two capsules each containing 1 mg tacrolimus using an automated flow-through Dissolution Test Station incorporated with the United States Pharmacopoeia Dissolution Apparatus 2 (SR8PLUS; Hanson Research Corporation, Chatsworth, CA, USA) with a paddle operating at 50 rpm and 37.0°C±0.5°C. A sample of 10 mL was collected through a 0.45 μm filter, which was replaced with a fresh dissolution medium, at 5, 10, 15, 30, 45, 60, 90, and 120 minutes after the formulation was put into the medium. The samples were then analyzed using a HPLC system (Waters, Milford, MA, USA) equipped with a Supelcosil™ LC~18~ column (5 μm, 3.0×150 mm; Sigma-Aldrich Co. LLC., St Louis, MO, USA). Separate readings for the tablet and capsule were taken from 12 dissolution vessels.[@b8-dddt-11-2861]

f~2~, as defined in the following equation,[@b13-dddt-11-2861] was derived to compare the dissolution profiles of the tablet and capsule formulations of tacrolimus: $$f_{2} = 50\log\left\{ {\left\lbrack {1 + \frac{1}{n}{\sum{n_{t = 1}\left( {R_{t} - T_{t}} \right)^{2}}}} \right\rbrack^{- 0.5} \times 100} \right\}$$where *n* was the number of the dissolution sampling times, *R~t~* and *T~t~* were the percentage dissolved at each time point for the reference (capsule) and test (tablet) formulations, respectively. An f~2~ value \>50 indicated similar dissolution profiles.

Results
=======

Demographic characteristics and subject disposition
---------------------------------------------------

A total of 50 subjects 19--41 years of age were enrolled, and the mean ± standard deviation of body weight and BMI were 69.7±6.74 kg and 23.0±2.17 kg/m^2^, respectively. All 50 subjects were included in the safety analysis dataset. Three subjects dropped out from the study because they withdrew consent after the study drug was administered in period 1. Therefore, the remaining 47 subjects completed the study as planned and were included in the final PK analysis dataset, who were 19--30 years of age, and their body weight and BMI (mean ± standard deviation) were 70.0±6.77 kg and 23.1±2.22 kg/m^2^, respectively.

PK characteristics
------------------

Tacrolimus was rapidly absorbed after a single oral administration of tablet and capsule (T~max~: 1.50--1.75 hours, [Table 1](#t1-dddt-11-2861){ref-type="table"}), and the mean whole-blood tacrolimus concentration-time profiles of the two formulations almost overlapped ([Figure 1](#f1-dddt-11-2861){ref-type="fig"}). As a result, the GMR for C~max~ and AUC~last~ between the tablet and capsule formulations was close to unity with their 90% CIs falling entirely within the conventional bioequivalence range of 0.80--1.25 ([Table 1](#t1-dddt-11-2861){ref-type="table"}).

C~max~ and AUC~last~ of tacrolimus, particularly AUC~last~, distributed much more narrowly among study subjects when they took tablet than capsule ([Figure 2](#f2-dddt-11-2861){ref-type="fig"}). Thus, the variabilities shown as %CV in the C~max~ and AUC~last~ of tacrolimus was 15.8% and 28.2% smaller, respectively, for tablet compared to capsule formulation, which was marginally or statistically significant (*P*-values: 0.0548 and 0.0009, respectively, Pitman--Morgan test for variance; [Table 2](#t2-dddt-11-2861){ref-type="table"}).

In vitro dissolution profiles
-----------------------------

The dissolution profile of the tablet formulation was similar to that of the capsule formulation in water and the dissolution medium at pHs of 1.2, 4.0, and 6.8, resulting in an f~2~ value of \>50 in all media ([Figure 3](#f3-dddt-11-2861){ref-type="fig"}).

Tolerability
------------

Throughout the entire study period, both the tablet and capsule formulations of tacrolimus were well tolerated, and no serious AE was reported. Furthermore, the number of subjects experiencing any AE was not statistically significantly different between the two formulations ([Table 3](#t3-dddt-11-2861){ref-type="table"}).

Discussion
==========

In this study, we found that systemic exposure to orally administered tablet formulation of tacrolimus is less variable compared to capsule formulation among human subjects while both formulations showed similar PK and tolerability profiles. The evidence is that the interindividual CV in the C~max~ and AUC~last~ of tacrolimus tablet was 15.8% and 28.2% smaller, respectively, than that of capsule used as reference, which was marginally and statistically significant, respectively ([Figure 2](#f2-dddt-11-2861){ref-type="fig"} and [Table 2](#t2-dddt-11-2861){ref-type="table"}). It is well known that the inter-individual PK variability of tacrolimus is huge. For example, the absolute bioavailability of tacrolimus ranged from 5% to 93% due to its extensive first-pass effect caused by CYP3A enzyme-dependent metabolism, and the IIV of the apparent clearance and volume of distribution was 39.7%--124% in adult organ transplant patients.[@b14-dddt-11-2861] Because patients receiving tacrolimus after transplantation require meticulous therapeutic drug concentration monitoring due to its inherently large IIV, the tablet formulation can be useful by ensuring more consistent exposure as seen in the present study.

Interestingly, a similar finding was previously reported in a study with lopinavir.[@b15-dddt-11-2861] Namely, the IIV in the trough concentrations of lopinavir in HIV-infected pregnant women in the third trimester was 18.8% lower with tablet than with capsule (34.6% and 42.6% CV for tablet and capsule, respectively). Based on this finding along with our observation, a couple of hypotheses can be suggested to explain the lower IIV of tablet than capsule. First, faster dissolution of tablet may contribute to its smaller IIV, particularly for drugs with poor water solubility such as tacrolimus.[@b5-dddt-11-2861] For example, the tablet formulations of proquazone showed a significantly faster dissolution of the drug substance than the capsule formulations, which became more apparent with high doses.[@b6-dddt-11-2861] To test this hypothesis, we compared the in vitro dissolution profiles of the tablet and capsule formulations in several pH conditions and water. However, this experiment resulted in an f~2~ value of \>50 in all media with different pH values, indicating no difference in the dissolution profile between tablet and capsule ([Figure 3](#f3-dddt-11-2861){ref-type="fig"}). Therefore, the smaller IIV of tacrolimus observed with tablet in this study could not be attributed to the faster dissolution profile of tablet compared with capsule. Second, the differences in the excipient contents between a single tablet and two capsules administered were suspected as a causal factor responsible for the different IIV shown in the present study. For example, one of the most widely used excipients for hard capsules is glycerin, a form of lipid used as a plasticizer during the manufacturing process.[@b16-dddt-11-2861] Upon intake of the lipid, such as glycerin-containing substances, the pancreatic juice and bile should be excreted into the gastrointestinal tract to initiate fat digestion[@b17-dddt-11-2861] and the IIV in the amount of bile secretion may have indirectly affected the IIV in drug absorption.[@b18-dddt-11-2861] However, the differences in the excipient contents, including forms of lipid, between the two formulations were minimal (data on file). Therefore, the possibility that differences in the excipients caused differences in the IIV in tacrolimus exposure can be ruled out.

No matter which mechanisms gave rise to the smaller IIV in the systemic exposure to tacrolimus when administered with tablet, it showed comparable PK and tolerability profiles to those of the conventional capsule formulation ([Figure 1](#f1-dddt-11-2861){ref-type="fig"}; [Table 1](#t1-dddt-11-2861){ref-type="table"}). The PK parameters were also comparable to those previously reported, particularly the IIV in tacrolimus exposure with capsule in healthy subjects ranging from 38.4% to 53.1% for C~max~ and AUCs.[@b19-dddt-11-2861] The comparability in the PK parameters between tablet and capsule, along with the smaller IIV for tablet, suggests that the new tablet formulation can be a useful treatment option to maintain a consistent systemic exposure level of tacrolimus, which may help reduce graft failure in organ transplant patients.

It is noteworthy that the magnitude of IIV for C~max~ and AUC~last~ of tacrolimus capsule in the present study (39.9% and 59.2%, respectively, CV%; [Table 2](#t2-dddt-11-2861){ref-type="table"}) was larger, particularly for AUC~last~, than those reported previously in Europeans, which ranged 20.2%--28.7% and 15.2%--30.6%, respectively, for C~max~ and AUC.[@b20-dddt-11-2861] We hypothesize that this difference was mainly caused by the fact that the loss-of-function allele for CYP3A5, that is, \*3, is much less frequent in Europeans than in Asians.[@b21-dddt-11-2861] No matter how large or small the IIV is, it should be compared within the same ethnic group, not across other ethnic populations, if the magnitude of IIV is evaluated between different formulations as in the present study.

The present study had several limitations. First, the smaller interindividual PK variability of tacrolimus with tablet may not be reproduced in organ transplant patients because the study was performed in healthy volunteers. However, given that patients tend to have larger IIV than healthy subjects,[@b22-dddt-11-2861] the difference in the IIV between tablet and capsule is very likely to be enlarged further in patients as shown in the comparison of oral tacrolimus in healthy and patients with kidney, liver, and heart transplantation.[@b22-dddt-11-2861] Therefore, the smaller IIV in the systemic exposure to tacrolimus taken as tablet in healthy subjects can be still beneficial in patients who underwent organ transplantation. Second, although the present study showed a similar PK profile between the capsule and tablet formulations of tacrolimus, it did not meet the more stringent 90%--111% criteria for the bioequivalence of NTI drugs such as tacrolimus.[@b23-dddt-11-2861]--[@b25-dddt-11-2861] However, the objective of the present study was not to show that the tablet formulation of tacrolimus was bioequivalent to the capsule formulation; rather, it was to assess the PK characteristics of the tablet formulation and to compare its bioavailability with that of capsule using the conventional bioequivalence criteria of 80%--125% criteria. Because the mean concentration--time profiles of the two formulations almost overlapped ([Figure 1A and B](#f1-dddt-11-2861){ref-type="fig"}), it is likely that the 90% CIs of GMR for C~max~ and AUC~last~ could fall within the narrower 90%--110% range if a larger number of subjects are enrolled, for which future studies are warranted. Lastly, intraindividual, rather than interindividual, variability is important in maintaining a consistent systemic exposure to tacrolimus in an individual, which our study was not able to compare between the tablet and capsule formulations due to the lack of repeated design.[@b20-dddt-11-2861] However, smaller IIV still has a role to play in patients with organ transplantation, particularly for ensuring that the systemic exposure to tacrolimus does not fall below (ie, subtherapeutic) or above (ie, supratherapeutic or toxic) the recommended therapeutic range.

In summary, a new tablet formulation of tacrolimus showed smaller IIV in PK parameters than the conventional capsule formulation, while both formulations had comparable PK and tolerability profiles. These beneficial characteristics of the tablet formulation of tacrolimus can make it a useful alternative to the conventional capsule formulation in patients after organ transplantation, who are likely to have much larger IIV than healthy subjects.

Conclusion
==========

The tablet formulation of tacrolimus has similar PK and tolerability profiles as capsule formulation. Tacrolimus tablet can be a useful alternative to capsule for organ transplant patients.
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![Mean whole-blood concentration--time profiles of the tablet and capsule formulations of tacrolimus: (**A**) linear scale and (**B**) semi-log scale. The inset shows the profiles up to 12 hours post-dose. The error bars denote the standard deviations.](dddt-11-2861Fig1){#f1-dddt-11-2861}

![Box-and-whisker plots of (**A**) C~max~ and (**B**) AUC~last~ after a single oral administration of tacrolimus as tablet and capsule formulations among subjects. The line across each box, the top edge, and the bottom edge represent the median, the first quartile, and the third quartile, respectively. The horizontal lines connected with the whiskers extending from the box denote the minimum and the maximum values. Solid circles indicate an outlier, defined as a value less than the first quartile minus 1.5 times interquartile range or a value greater than the third quartile plus 1.5 times interquartile range.\
**Abbreviations:** AUC~last~, area under the whole-blood tacrolimus concentration--time curve from 0 hour to the last quantifiable concentration; C~max~, maximum whole-blood tacrolimus concentration.](dddt-11-2861Fig2){#f2-dddt-11-2861}

![Dissolution profiles of tablet and capsule formulations of tacrolimus in solution with pH of 1.2, 4.0, and 6.8 and water resulting in an f~2~ of 59.6, 67.5, 65.9, and 59.6, respectively.\
**Abbreviation:** f~2~, similarity factor.](dddt-11-2861Fig3){#f3-dddt-11-2861}

###### 

Pharmacokinetic parameters of tacrolimus after a single oral dose of the tablet and capsule formulations[a](#tfn1-dddt-11-2861){ref-type="table-fn"} (N=47)

  -------------------------------------------------------------------------------------------------------------------------------------------------
  Parameters           Tablet formulation\     Capsule formulation\     Geometric mean ratio (90% CI)[b](#tfn2-dddt-11-2861){ref-type="table-fn"}
                       (N=47)                  (N=47)                   
  -------------------- ----------------------- ------------------------ ---------------------------------------------------------------------------
  C~max~ (μg/L)        12.03±4.04 \[11.37\]    12.73±5.09 \[11.75\]     0.9680 (0.8873--1.0560)

  AUC~last~ (h·μg/L)   99.95±42.48 \[91.17\]   103.66±61.41 \[88.31\]   1.0322 (0.9359--1.1385)

  T~max~ (hours)       1.75 (0.75--2.00)       1.50 (0.75--4.00)        --

  t~1/2~ (hours)       33.85±4.37 \[33.56\]    34.79±4.29 \[34.53\]     --
  -------------------------------------------------------------------------------------------------------------------------------------------------

**Notes:**

Values are expressed as arithmetic mean ± standard deviation \[geometric mean\] except for T~max~, for which median (minimum--maximum) is shown.

Capsule formulation as reference.

**Abbreviations:** AUC~last~, area under the whole-blood tacrolimus concentration--time curve from 0 hour to the last quantifiable concentration; CI, confidence interval; C~max~, maximum whole-blood tacrolimus concentration; t~1/2~, terminal half-life; T~max~, time to reach C~max~.

###### 

Interindividual CV of the pharmacokinetic parameters of tacrolimus after a single oral dose of the tablet and capsule formulations (N=47)

  Parameters   CV (%)   Relative difference (%)[a](#tfn4-dddt-11-2861){ref-type="table-fn"}   *P*-value[b](#tfn5-dddt-11-2861){ref-type="table-fn"}   
  ------------ -------- --------------------------------------------------------------------- ------------------------------------------------------- --------
  C~max~       33.6     39.9                                                                  15.8                                                    0.0548
  AUC~last~    42.5     59.2                                                                  28.2                                                    0.0009

**Notes:**

Relative difference in CV using the capsule formulation as reference.

*P*-value for difference in CV between the tablet and capsule formulations by Pitman--Morgan test for variance.

**Abbreviations:** C~max~, maximum whole-blood tacrolimus concentration; CV, coefficient of variation; AUC~last~, area under the whole-blood tacrolimus concentration--time curve from 0 hour to the last quantifiable concentration.

###### 

Summary of adverse events[\*](#tfn7-dddt-11-2861){ref-type="table-fn"}

  Adverse events                                             Treatment   *P*-value[c](#tfn10-dddt-11-2861){ref-type="table-fn"}               
  ---------------------------------------------------------- ----------- -------------------------------------------------------- ----------- --------
  Number of subjects with at least one AE (%)                10 (20.8)   8 (16.3)                                                 15 (30.0)   0.6102
  Number of AEs                                              19          14                                                       33          --
  Number of subjects with at least one drug-related AE (%)   6 (12.5)    5 (10.2)                                                 8 (16.0)    0.7593
  Number of drug-related AEs                                 12          9                                                        21          --

**Notes:**

In 50 subjects who had been administered with the study drug (ie, table or capsule formulation of tacrolimus) at least once after screening.

Two subjects withdrew consent after the administration of tablet formulation in period 1.

One subject withdrew consent after the administration of capsule formulation in period 1.

Fisher's exact test.

**Abbreviation:** AE, adverse event.
